Although it is generally assumed that brain circuits are modified by new experiences, the question of which changes in synaptic efficacy take place in cortical and subcortical circuits across the learning process remains unanswered. Rats were trained in the acquisition of an operant conditioning in a Skinner box provided with light beams to detect animals' approaches to lever and feeder. Behaviors such as pressing the lever, eating, exploring, and grooming were also recorded. Animals were chronically implanted with stimulating and recording electrodes in hippocampal, prefrontal, and subcortical sites relevant to the task. Field synaptic potentials were evoked during the performance of the above-mentioned behaviors and before, during, and after the acquisition process. Afferent pathways to the hippocampus and the intrinsic hippocampal circuit were slightly modified in synaptic strength during the performance of those behaviors. In contrast, afferent and efferent circuits of the medial prefrontal cortex were significantly modified in synaptic strength across training sessions, mostly at the moment of the largest change in the learning curve. Performance of behaviors nondirectly related to the acquisition process (exploring, grooming) also evoked changes in synaptic strength across training. This study helps to understand when and where learning is being engraved in the brain.
Introduction
Mostly using his seminal neuro-anatomical studies as a basis, Ramón y Cajal (1894) advanced the hypothesis that the acquisition of new motor and cognitive skills could be supported by selective changes in synaptic connections between related neurons. More than 50 years later, Hebb (1949) proposed a simple rule to explain how new learned abilities are stored in the brain in the form of structural and/or functional modifications of synaptic weights. Since then, it has been generally accepted that learning evokes more-or less-stable changes in synaptic efficiency in specific cortical and subcortical sites (Konorski 1948; Bliss and Collingridge 1993; Gruart et al. 2006 Gruart et al. , 2015a . In addition, the recording of the electrical activities of single neurons and/or of neuronal assemblies has provided further evidence that acquired memories mediate functional changes in synaptic contacts between neurons participating in the involved behaviors (Kandel 2001; Neves et al. 2008; Wang and Morris 2010) . Studies of fear conditioning (LeDoux 2012) , classical eyeblink conditioning (Weisz et al. 1984; Gruart et al. 2006) , object recognition (Clarke et al. 2010) , and instrumental learning (Nomoto et al. 2012 ) supported the role of both synaptic potentiation and depression as parallel mechanisms underlying memory storage and retrieval (Gruart et al. 2015a) . Lashley (1950) pointed out that the major challenge for the study of the functional or physical memory trace-that is, the engram-is to quantify its sparse encoding in distributed cortical networks. The enhancement in the efficacy of selected synapses restricted to specific brain sites seems insufficient to store memories related to complex learning situations. In contrast, neural sensory, motor, and cognitive commands related to the acquired learning have to flow through multiple synaptic neural circuits in order to achieve long-term synaptic changes in weight. Moreover, the latter must occur in the context of the activity of ensemble neurons after a short period of change of synaptic strength involving short-term plastic processes (Mayford et al. 2012) . Engram-supporting processes have been identified for habit learning and fear conditioning, but it is still a matter of discussion for other complex types of learning and memory (Tonegawa et al. 2015; Eichenbaum 2016) .
The hippocampus in mammals seems to play a critical role in memory, but the complex associations taking place during learning and memory processes probably involve the activity of multiple brain areas (Kandel 2001; Neves et al. 2008; Wang and Morris 2010; Gruart et al. 2015a Gruart et al. , 2015b . While the hippocampal circuit has been found directly related to spatial orientation (Moser et al. 2008) , object recognition (Clarke et al. 2010) , Pavlovian conditioning (Berger et al. 1983; McEchron and Disterhoft 1997; Moyer et al. 1990 ; Gruart et al. 2006) , and many other forms of memory acquisition and retrieval (Bliss and Collingridge 1993; Neves et al. 2008; Wang and Morris 2010) , the prefrontal cortex and other subcortical structures (such as accumbens [NAc] and reuniens [REU] nuclei) seem to participate more actively in operant conditioning tasks (Jurado-Parras et al. 2012) , temporal control (Fuster 2008; Narayanan et al. 2012; Caro-Martín et al. 2015) , and appetitive behaviors (Kelley et al. 2005; Halpern et al. 2011 ). Nevertheless, it should be taken into account that operant conditioning includes many different functions (object recognition, spatial orientation, motivational state, sensory integration, etc.) apparently supported by hippocampal circuits.
Little is known about how the different cortical and subcortical structures and circuits interact with each other to adapt functional states and to redirect ongoing behaviors during the acquisition of new motor and cognitive abilities. For example, can functional changes in synaptic efficacy be detected during the very moment of the acquisition of an operant conditioning task? Or, are those putative functional changes in synaptic efficacy kept after the learning is acquired? Our hypothesis is that during the acquisition process neural information (both stored and sensorial) is coded and transmitted between many different brain areas by transient changes in synaptic strength (Gruart et al. 2006 (Gruart et al. , 2015b . An additional question is the following: when an experimental animal is solving a learning situation, such as the association of a lever press with the delivery of a food pellet, are synaptic changes in strength restricted to behaviors involved in the learning situation (pressing the lever, reaching the reward), or are they also extended to nonrelated behaviors (grooming, exploring)? We report here the changes in synaptic weights taking place at 14 different hippocampal, medial prefrontal (mPFC), and subcortical (thalamus, amygdala, accumbens septi) sites during the performance of 7 different behaviors related (to a greater or lesser degree) to the acquisition of an operant conditioning by alert behaving rats. Collected results seem to support a large spatial-temporal diversity of changes in synaptic strength related to this type of associative learning task in alert behaving rats.
Materials and Methods

Experimental Animals
Experiments were performed on male Wistar rats, 3 months old and 250-300 g in weight at the time of arrival at the animal facilities of the Pablo de Olavide University. Rats were obtained from an official supplier (University of Granada Animal House, Granada, Spain). Until the start of the experiments, animals were housed in separate cages (n = 4 per cage). In the animal house, rats were kept on a 12:12 h light-dark cycle with constant ambient temperature (21 ± 1°C) and humidity (50 ± 7%). All the experiments were carried out during the light period. Unless otherwise indicated, food and water were available ad libitum. Electrophysiological and behavioral studies were carried out in accordance with Spanish (BOE 34/11370-421, 2013) and European Union Council (2010/63/EU) regulations for the use of laboratory animals in chronic experiments. All procedures and protocols were also approved by the local Ethics Committee (01/2011) of the Pablo de Olavide University.
Surgery
Depending on the location of implanted electrodes, animals were divided into 5 experimental groups (n = 10 animals/group; Fig. 1A ): (1) Group 1, stimulating electrodes in the left PP and recording electrodes in the ipsilateral DG, and CA3 and CA1 areas; (2) Group 2, stimulating electrodes in the left DG and recording electrodes in the ipsilateral rostral and caudal CA3 (rCA3 and cCA3) area; (3) Group 3, stimulating electrodes in the left CA3 area and recording electrodes in the ipsilateral rostral and caudal CA1 (rCA1 and cCA1) area and in the contralateral CA1 (coCA1) area; (4) Group 4, stimulating electrodes in the left CA1 and recording electrodes in the ipsilateral SUB, and stimulating electrodes in SUB and recording electrodes in the ipsilateral mPFC and REU; and (5) Group 5, stimulating electrodes in the left mPFC and recording electrodes in the ipsilateral NAc, REU, and BLA.
Rats were fasted from the afternoon before the surgery day and were anesthetized with 0.8-1.5% isofluorane delivered from a calibrated Fluotec 5 (Fluotec-Ohmeda) vaporizer at a flow rate of 1-2 L/min following a protective injection of atropine sulfate (0.1 mg/0.1 kg, i.m.). During surgery, animals were implanted with stimulating (bipolar) and recording (tetrodes) home-made electrodes in the left brain, with the exception of the hippocampal CA1 area, which was implanted in both hemispheres ( Fig. 2A) , and following stereotaxic coordinates (Paxinos and Watson 1998) . The final location of each electrode was (1) PP, dorsomedial aspect of the left angular bundle (6.8 mm posterior and 3 mm lateral to bregma; depth from brain surface, 2 mm), aimed to activate both the PP and the temporo-ammonic pathway; (2) dorsal CA1 area (3.2-4.8 mm posterior, 2.2-2.5 mm lateral, and depth of 2.3-2.5 mm); (3) dorsal CA3 area (3.2-4.6 mm posterior, 3-4 mm lateral, and depth of 2.8-3.2 mm); (4) dorsal SUB (6.8 mm posterior, 4 mm lateral and depth of 2.5 mm); (5) mPFC (3.2 mm anterior, 1 mm lateral, and depth of 3.8 mm); (6) NAc (1.7 mm anterior, 1.5 mm lateral, and depth of 6.5 mm); (7) REU (1.8 mm posterior; 0.2 mm lateral and depth of 7.2 mm); and (8) BLA (2.8 mm posterior, 4.8 mm lateral, and depth of 7.6 mm). These electrodes were made from 25 μm, Teflon-coated tungsten wire (Advent Research Materials). Recording electrodes (8 per animal) were fixed at the site, where a reliable field evoked potential (fEP) was recorded. Rats were also implanted with bipolar electromyography recording electrodes in the left whisker muscles to control unwanted contamination of fEPs by muscle activities. These electrodes were made from 50 μm, Tefloncoated, annealed stainless steel wire (A-M Systems), with the tips bared of the isolating cover for ≈0.5 mm. Electrode tips were bent as a hook to facilitate a stable insertion in the implanted muscles. As a ground, rats were also implanted with a 0.1 mm bare silver attached to the occipital bone with a small screw. All wires were soldered to three 4-pin sockets (RS Amidata). Three small screws helped to affix the sockets to the skull, and the whole turret was covered with dental cement (Gruart et al. 2006; Valenzuela-Harrington et al. 2007 ).
Recording and Stimulation Procedures
fEPs were evoked in the different recording sites (CA1, CA3, SUB, mPFC, NAc, REU, and BLA) by single 100 µs, square, biphasic (negative-positive) pulses applied to the selected Perspex wall between the lever and the feeder. (C) Acquisition curves collected from the 5 groups of animals (n = 10 animals/group) described in (A) during the FR (1:1) task. Groups 1 (dots), 2 (squares), 3 (diamonds), 4 (triangles), and 5 (stars). Data are represented by the mean ± SEM. No significant differences were observed between groups along days. Sessions from which fEPs were collected in relation to the learning curve were first and second (before learning), third and fourth (during learning), and seventh and eighth (after learning). All animals reached the selected criterion (to press the lever >100 times/session for 2 consecutive sessions) during the fifthsixth conditioning sessions. (D) Baseline recordings were carried out in an auxiliary box located beside the Skinner box used for the experiments. (E-K) Diagrams of the 7 behaviors observed during the instrumental conditioning during which fEPs were evoked in each experimental animal and training session. Apart from the Perspex wall, the Skinner box also had 3 light beams: 2 located at 10 cm (1, white dots) and 2 cm (2, black dots) from the lever, and a third located 5 cm (3, gray dots) from the feeder. stimulation sites (PP, DG, CA3, CA1, SUB, or mPFC). Stimulus intensities ranged from 50 to 350 µA. For each animal, the stimulus intensity was set at 30-40% of the intensity necessary for evoking a maximum fEP response. Stimuli were programmed with a CS-220 stimulator and delivered across an ISU-220 isolation unit (Cibertec). fEPs were recorded with the help of Grass P511 differential amplifiers with a bandwidth of 0.1 Hz-10 kHz (Grass-Telefactor) across high-impedance probes (2 × 10 12 , 10 pF). Animals were stimulated and recorded in the selected brain sites when performing 1 of the 7 behaviors illustrated in Figure 1E -K. Technical details of these recording procedures have been described in detail elsewhere (Gruart et al. 2006 (Gruart et al. , 2015b JuradoParras et al. 2013 ).
Operant Conditioning
Instrumental learning took place in modified Skinner boxes (n = 3) measuring 29.2 cm × 24.1 cm × 21 cm (MED Associates). Each apparatus was provided with a division wall (Fig. 1B) placed between the lever and the feeder modules. Moreover, 2 light beams were located at 10 cm (1, white dots) and 2 cm (2, black dots) from the lever, with a third light beam located 5 cm (3, gray dots) from the feeder (Fig. 1E-K) . Each operant box was put into a sound-attenuating chamber (90 cm × 55 cm × 60 cm), which was constantly illuminated (19 W lamp) and with a 45 dB white noise (Cibertec, S.A.). Each box was equipped with a food dispenser from which pellets (MLabRodent Tablet, 45 mg; Test Diet) were delivered after the lever was pressed once (Fig. 1B) .
Rats followed several sessions (1 per day) of handling and were food deprived until reaching a 80-85% of their weight during the ad libitum diet. Once animals reached the desired weight, they were placed in the Skinner box for 20 min with a fixed-ratio (FR 1:1) schedule. Rats received a food pellet each time they pressed the lever until reaching criterion (Fig. 1B,C) , which consisted of pressing the lever >100 times/session for 2 consecutive days. Animals were allowed a maximum of 6 days to reach criterion ( Fig. 1C ) and those that did not reach it in that period were removed from the experiment and replaced by a new rat. After achieving criterion, all the animals were recorded for 2 more sessions. During the whole experiment, the start and end of each session was indicated by a tone (2 kHz, 200 ms, 70 dB) provided by the loudspeaker located in the recording chamber. Conditioning protocols, lever presses, and delivered reinforcements were controlled and recorded by a computer, using a MED-PC program and its commercial interface (MED Associates).
Animals were trained in the Skinner box with the wire system connected to the implanted sockets for the 8 conditioning sessions. For baseline recordings and before each conditioning session, each animal was placed for 3 min in an auxiliary Perspex box (36 cm × 25 cm × 20 cm) located beside the Skinner box used for the experiments. This auxiliary box presented empty walls and floor (Fig. 1D ).
All operant conditioning sessions were recorded with a synchronized video capture system (Sony HDR-SR12E) attached to each sound-attenuating chamber (Jurado-Parras et al. 2012) .
Histology
In order to determine the proper location of implanted electrodes, once the rats completed the experimental protocol they were deeply reanesthetized (sodium pentobarbital, 50 mg/kg) and perfused transcardially with saline and 4% phosphate-buffered paraformaldehyde. Their brains were removed, postfixed overnight at 4°C, and cryoprotected in 30% sucrose in PBS. Sections were obtained in a sliding freezing microtome (SM2000R, Leica Biosystems Nussloch GmbH) at 50 μm. Only those sections including the implanted (stimulating and/or recording) sites were mounted on gelatinized glass slides and stained using the Nissl technique with 0.1% toluidine blue ( Fig. 2A,B ).
Data Collection, Analysis, and Representation fEP profiles, and 1-volt rectangular pulses corresponding to light-beam crossing, lever presses, pellet delivery, and brain stimulations were stored digitally on a computer through an analog/digital converter (CED 1401 Plus; Cambridge Electronic Design). Animals' performance in the Skinner box and measurements of the fEP slopes during the learning task were analyzed off-line, using the commercial computer programs Spike 2 and SIGAVG (from Cambridge Electronic Design) and with the help of the video capture system. Only data from those animals that completed the study with a proper functioning of both recording and stimulating electrodes were analyzed. The slope of evoked fEPs was calculated as the ratio between the difference of amplitudes (in mV) and the corresponding difference of times (in ms) for the selected points from fEP recordings (i.e., mV/ms). Three successive fEPs were averaged, and the mean value of the slope during the rise-time period (i.e., the period of the slope between the initial 10% and the final 10% of the fEP) was determined ( Figs 2C, 3B, 4B , 5B, 6B, and 7B).
Statistical analyses were performed using the Sigma Plot 11.0 package (Sigma Plot), for a statistical significance level of P = 0.05. Unless otherwise indicated, mean values were calculated from ≥20 averaged fEPs, collected from ≥5 animals. Mean values are followed by their standard error (SEM). Collected data were analyzed using the one-way or two-way analysis of variance (ANOVA) test, with time or session as repeated measure, coupled with contrast (Dunn-Bonferroni procedure). The nonparametric Kuskal-Wallis one-way ANOVA on ranks test for repeated measures and Dunn's method for all pairwise multiple comparisons procedure were used when the homogeneity of variance of the data was not accomplished. Repeatedmeasures ANOVA allowed checking the statistical differences of the same group across sessions. Further details of the statistical procedures followed here can be found elsewhere (Gruart et al. 2015b) .
Results
Operant Conditioning of Behaving Rats
As illustrated in Figure 1A ,B, rats were divided into 5 groups depending on the location of the implanted (stimulating and recording) electrodes and were trained for the acquisition of an operant conditioning task with an FR (1:1) schedule in which each lever press was reinforced with a small pellet of food. Training sessions were performed daily and each lasted for 20 min. The criterion for proper acquisition was to press the lever a minimum of 100 times per session on 2 successive days. Animals progressively improved their performance in the Skinner box with the successive sessions (Fig. 1C) . Acquired learning data were best fitted with sigmoid curves (r ≥ 0.95; P < 0.001; not illustrated) showing the usual performance profile for appetitive instrumental learning tasks in rodents (Hasan et al. 2013; Jurado-Parras et al. 2013 ). The 5 groups of animals presented similar learning curves (F (4,36) = 0.443; P = 0.777). For the sake of homogeneity, animals that did not acquire the task by the end of the sixth session were rejected from the study and substituted by other ones. After reaching criterion, rats performed the FR (1:1) schedule task consistently, visiting the feeder and getting the pellet after each lever press for 2 more days (Fig. 1C) .
In a preliminary session, each rat was stimulated at increasing intensities in the selected presynaptic electrode to determine the input/output profiles for each recording site. Stimulus intensities were selected at about 30-40% of the intensity necessary for evoking maximum field potential responses. Fields evoked at hippocampal recording sites (DG, CA3, CA1, and SUB) presented short latencies and profiles indicative of their probably monosynaptic and excitatory nature ( Figs 3B, 4B , 5B, and 6B) (Schwartzkroin 1986; Gruart et al. 2006 Gruart et al. , 2015b )-namely, they could be described as field excitatory postsynaptic potentials (i.e., fEPSPs). Nevertheless, and in accordance with Table S5. preceding descriptions (Thierry et al. 2000; Gabbott et al. 2005; Nakamura et al. 2010; Eleore et al. 2011; Jurado-Parras et al. 2012; López-Ramos et al. 2015) , it was more difficult to determine the postsynaptic nature of fEPs evoked at the remaining recording sites (mPFC, NAc, BLA, and REU; Figs 6B and 7B). Thus, and for the sake of homogeneity, all field potentials included in this study were labeled as fEPs.
Before the start of each operant conditioning session in the Skinner box, individual rats were recorded in the Perspex box selected for baseline recordings (Fig. 1D) . Baseline recordings were repeated for 3 min before each training session (Figs 1D and 2C) .
During training in the Skinner box, animals were connected to the recording system. Stimulations at the selected presynaptic sites and fEP recordings ( Fig. 2A) were carried out during the performance of the 7 following behaviors (Fig. 1E-K) : going to the lever (E), just before pressing the lever (F), pressing the lever (G), going to the feeder (H), eating (I), exploring (J), and grooming (K). Behaviors E-H were determined automatically by the activation of light beams located at the sites indicated in Figure 1E -H, while behaviors I-K were visually detected by the experimenters, and rechecked when needed from the recorded videos. In order to avoid unwanted interactions between successive stimuli, stimulus presentation was carried out at a maximum rate of 3 per minute (Jurado-Parras et al. 2012 .
fEPs Evoked at the Selected Recording Sites During the Performance of the Operant Conditioning Task
The main aim of the present study was to determine the very moment at which changes in synaptic strength were noticeable in relation to the evolution of the learning curve, and in which cortical and/or subcortical circuits these plastic changes took place in a significant amount. As indicated above, experimental animals were divided into 5 groups depending on the location of the implanted stimulating and recording electrodes (Fig. 1A) . A complete diagram of the different stimulating and recording sites is illustrated in Figure 2A , and representative photomicrographs of the final location of the implanted electrodes are shown in Figure 2B .
In order to accomplish our main experimental goal, we analyzed the changes in slope of fEPs evoked at the different synaptic sites included in the present study ( Fig. 2A) during the performance of the 7 selected behaviors (Fig. 1E-K) at 3 different periods (before, during, and after; Fig. 1C , E-K) along the acquisition process. Importantly, these 3 selected periods presented significantly different values in the number of lever presses (F (7,63) = 907.45; P < 0.01), suggesting that they correspond to different stages across the learning process.
In Figure 2C is illustrated a representative example of fEPs evoked by electrical stimulation of the mPFC and recorded in the ipsilateral NAc before (conditioning session 2), during (session 4), and after (session 7) the moment of maximum slope of the sigmoid curve showing the acquisition process (Fig. 1C) . In the represented example, mPFC stimuli were triggered at the time the animal pressed the lever. According to the illustrated results, fEPs evoked in the NAc by the electrical stimulation of the mPFC presented a significant (120.5 ± 1.0; P < 0.05) increase in slope coincident with the maximum rate of change of the learning curve, but a nonsignificant increase before and after this particular period (103.9 ± 1.3; P = 0.110 and 104.9 ± 1.2; P = 0.147, respectively).
Changes in Strength of fEPs Evoked at Hippocampal Synaptic Sites Before, During, and After the Acquisition of an Operant Conditioning Task
All of the recorded changes in fEP slopes for the 14 synapses included in this study and collected during the 3 different periods (before, during, and after) of the acquisition process were analyzed as already shown (Fig. 2C) for the mPFC-NAc projecting pathway.
In Figure 3 are illustrated the changes in strength taking place in the PP-DG, PP-CA3, and PP-CA1 synapses (Group 1; Fig. 3A ) across the successive operant conditioning sessions (Fig. 3D, top diagram) and during the performance of the 7 selected behaviors. Figure 3B shows representative examples of fEPs recorded at the 3 mentioned synapses while the rats were pressing the lever. Recordings included in Figure 3B were obtained during baseline (B) and during the 3 learning phases, that is, before (1), during (2), or after (3). The abovementioned synapses were stimulated when the experimental animals performed 1 of the 7 selected behaviors (see left column of Fig. 3D ). Changes in synaptic weights are presented as the percentage (%) of change versus baseline values collected immediately before each training session (see color code in Fig. 3C ).
According to the collected results, these 3 synapses were not clearly modified during the acquisition of the instrumental task in the Skinner box, and synaptic strength values remained similar to the baseline values (Fig. 3D, top row  boxes) . Nevertheless, small (<15%) but statistically significant (P < 0.05; see color framed boxes) changes were observed for some behaviors related with the lever and the feeder. Interestingly, additional changes in strength (P < 0.05) were found at the PP-CA3 synapse during 2 behaviors (exploring and grooming) not directly related with the acquisition process. Numeric values and statistical significance for data illustrated in Figure 3 can be found in Supplementary Table S1 . Similar to the results described for fEPs evoked in the intrinsic hippocampal circuit by the electrical stimulation of the PP, the stimulation of DG-rCA3 and DG-cCA3 synapses evoked only minor (<15%) changes in strength (mostly decrease) in the hippocampal CA3 area, both rostral and caudal (Fig. 4 and Supplementary Table S2 ). Nevertheless, some of these small changes in synaptic strength were significantly (P < 0.05) different from those evoked during baseline recordings; for example, when approaching the lever, going to the feeder, eating, and also during exploring and grooming. Interestingly, only when rats were eating was there a significant change in both synapses during the learning period (Fig. 4D) .
In contrast with the above-described results, the activation of the CA3-CA1 synapse (CA3-rCA1, CA3-coCA1, CA3-cCA1; Fig. 5 and Supplementary Table S3 ) evoked large (>15%) and statistically significant (P < 0.05) increases in synaptic strength during the performance of the 7 selected behaviors. In accordance with previous reports for mice doing an operant conditioning task (Jurado-Parras et al. 2013) , the electrical stimulation of Schaffer collaterals during the performance of behaviors related to lever presses evoked well-defined (>15%; P < 0.05) changes in synaptic strength mainly during and after learning. These increases in strength were also present (P < 0.05) after learning for other behaviors such as going to the feeder, eating, and exploring. The stimulation of the CA3 area evoked a significant (P < 0.05) decrease in fEPs recorded at the postsynaptic CA1 pyramidal cells before learning that was changed into a significant (P < 0.05) increase during and after learning. Overall, the electrical stimulation of pathways (both the perforant and the temporo-ammonic pathways) afferent to hippocampal circuits, as well as of the DG, during different behavioral situations related to the acquisition of an instrumental task, did not present noticeable changes in the strength of the recorded fEPs. In contrast, the activation of the CA3 area during the same set of behaviors generated substantial changes in the strength of fEPs evoked in the ipsilateral cCA1 area; this increase in synaptic strength was less evident in the coCA1 area. The stimulation of the CA3-CA1 synapse during grooming yielded opposite (inhibition vs. activation) results for the evoked fEPs in the first (before) versus the other 2 (during and after) periods in which the whole acquisition process was divided here.
Changes in Strength of fEPs Evoked in Prefrontal and Sbcortical Circuits Before, During, and After the Acquisition of an Operant Conditioning Task
Efferent projections from the hippocampus to the subiculum (CA1-SUB) and to the prefrontal (SUB-mPFC) cortex and thalamic reuniens nucleus (SUB-REU) evoked much more noticeable changes in strength at the involved postsynaptic sites (Fig. 6 and Supplementary Table S4) than those evoked by afferent projections to the hippocampus (Fig. 3) or (apart from the CA3-cCA1 synapse) those involved in the intrinsic hippocampal circuit (Figs 4 and 5) .
Furthermore, and in opposition to a previous report in behaving mice during classical eyeblink conditioning (Gruart et al. 2015a) , fEPs evoked at the mPFC by SUB stimulation increased (10-20%) significantly (P < 0.05) in strength for the 7 selected behaviors mostly, although not exclusively, before and after learning (Fig. 6 and Supplementary Table S4). A similar finding was obtained for SUB-REU projections, with noticeable (10-20%; P < 0.05) changes in synaptic strength before and after learning for most behaviors, except for going to the lever. In contrast, the slopes of fEPs evoked at CA1-SUB synapses presented only minor (<15%; P < 0.05) increases or decreases, or nonsignificant changes, for all of the 7 studied behaviors. In fact, the minor changes evoked at the CA1-SUB synapse decreased across training (Fig. 6 and Supplementary  Table S4) .
Finally, and as illustrated in Figure 7 and Supplementary Table S5, the greatest changes in synaptic strength observed in the present study were evoked by the stimulation of the mPFC and recorded in the 3 selected areas (NAc, REU, and BLA). The largest (>30%) increase in fEPs was evoked by the electrical stimulation of the mPFC during performance of a consummatory behavior (i.e., eating) and recorded in the BLA and REU (P < 0.05). It is important to note that the activation of the mPFC-NAc projection decreased across training for the same behavior (eating). fEPs evoked at these 3 projecting sites during the appetitive behaviors (i.e., going to the lever and pressing it) included here also increased in strength (P < 0.05), mostly during and after learning.
fEPs evoked during the performance of 2 behaviors apparently nonrelated to the learning process, as are exploring and grooming, also significantly (P < 0.05) increased in strength across training, mainly for mPFC-BLA projections (Fig. 7 and Supplementary  Table S5 ). These results are in evident opposition to results collected for the activation of hippocampal afferent and intrinsic synapses (Figs 3-5 and Supplementary Tables S1-S3 ). Figure 8 shows an attempt to display the functional state of the hippocampal, prefrontal, and subcortical circuits included in the present study for the 7 selected behaviors at 3 different moments across the acquisition of an operant conditioning task (Fig. 8B) : during the first 2 training session (i.e., before), during the 2 sessions in which we observed the maximum increase in the acquisition curve (i.e., during), and when the learning curve had already reached asymptotic values (i.e., after). For the sake of clarity, data are presented as the quotient between during and before learning (Fig. 8C) , between after and before learning (Fig. 8D) , and between after and during learning (Fig. 8E) . As in the previous figures, significant differences are indicated according to the color code illustrated in Figure 8A . Boxes showing statistically significant (P < 0.05) differences in synaptic strength between the 3 selected learning phases are framed with a black line.
Functional States of Hippocampal, Prefrontal, and Subcortical Circuits Across Operant Conditioning Sessions for the Behaviors Included in this Study
On the whole, the largest (>15%) differences were observed for prefrontal afferent and efferent pathways and when comparing during versus before learning (Fig. 8C) , with more than 50% of the synapses statistically different (P < 0.05), and during versus after learning (Fig. 8E) . Interestingly, the hippocampal circuit, in general, was less sensitive to these related behaviors and the learning task than mPFC afferent and efferent circuits, because <50% of the hippocampal-related synapses were actively modified in strength in any of the behavior and/or learning comparisons except for consummatory behaviors (i.e., going to the feeder or eating). In contrast, the comparison between after versus before learning yielded less-significant changes for the different synapses and for those behaviors related to appetitive (going to the lever and pressing it) and consummatory (going to the feeder and eating the pellet) activities. It is important to note that similar changes in strength (increase or decrease) were also observed for the 2 behaviors included in this study apparently nonrelated to the learning task (i.e., exploring and grooming).
Discussion
Different Roles of Hippocampal and Prefrontal Circuits in the Acquisition of Different Types of Associative Learning Task
The acquisition of new motor and cognitive abilities involved many different neural functions, and activities that occur in different cortical and subcortical sites across the learning process. Here, we have addressed specifically those changes in synaptic weights taking place in afferent, efferent, and intrinsic hippocampal circuits and in those representing inputs and outputs of the mPFC. In total, we have followed the evolution in functional efficacy of 14 different synapses across the acquisition of an instrumental conditioning task during the performance of 7 selected behaviors related or unrelated to the learning process. Main results indicate that changes in synaptic strength were more noticeable in synapses corresponding to afferent (SUB-mPFC) or efferent (mPFC-NAc, mPFC-REU, and mPFC-BLA) pathways of the mPFC. Interestingly, those changes were specifically related to the moment of maximum change in the slope of the learning curve, when compared with those taking place before learning and when asymptotic values were reached. In addition, changes in synaptic strength observed in the prefrontal circuits took place not only during the performance of appetitive (going to the lever, before pressing the lever, pressing the lever) and consummatory (going to the feeder, eating) behaviors, but also during the performance of behaviors apparently unrelated to this type of learning (exploring and grooming). These results indicate a rather general activation of prefrontal circuits during the whole learning sessions-that is, the changes were not restricted to the moments when the rat was specifically involved in the performance of behaviors related to the operant conditioning task. In contrast, hippocampal synapses corresponding to inputs (PP-DG, PP-CA3, PP-CA1) to its intrinsic circuit, and those taking part in this circuit Table S6. (DG-r/cCA3, CA3-r/c/coCA1), were not very much involved in the whole process, with the sole exception of the significant changes in strength observed in the CA3-r/c/coCA1 synapses when the operant task was already acquired. Overall, it can be proposed that for each acquired motor and/or cognitive ability carried out by cortical and subcortical circuits, there is a corresponding functional map of different synaptic weights characterizing it.
The above results further complement available information regarding the involvement of hippocampal and prefrontal circuits in the acquisition of different types of nonassociative and associative learning tasks. For example, the hippocampus, including its intrinsic circuit and its afferent synaptic inputs, has been suggested as being involved in many different functions such as object recognition (Clarke et al. 2010) , spatial orientation (Moser et al. 2008) , classical conditioning of eyelid responses (Berger et al. 1983; McEchron and Disterhoft 1997; Moyer et al. 1990; Gruart et al. 2006) , and other forms of memory acquisition and retrieval (Bliss and Collingridge 1993; Neves et al. 2008; Wang and Morris 2010; Gruart et al. 2015b ), but not directly in the acquisition of operant conditioning tasks, except, as further confirmed here, those related to the performance of appetitive and consummatory behaviors when the learning is well established, and restricted to the CA3-CA1 synapse (Jurado-Parras et al. 2012 . In contrast, it has been confirmed here that prefrontal circuits and their projection sites (i.e., specific thalamic nuclei, amygdaloid complex, striatum) are related to the acquisition of instrumental learning (JuradoParras et al. 2012) , including decision-making tasks (Floresco and Ghods-Sharifi 2007; St. Onge et al. 2012; López-Ramos et al. 2015) and temporal control (Fuster 2008; Narayanan et al. 2012) . In particular, mPFc-BLA synapses have been related to fear conditioning procedures (LeDoux 2012), while mPFC-NAc synapses are considered more related to the rewarding system (Kelley et al. 2005; Berridge and Kringelbach 2015; Floresco 2015) .
Learning as a Distributed Process Across Many Different Cortical and Subcortical Sites and with Nondirect and Exclusive Relationship with Behaviors Related to its Acquisition
In accordance with the present results, many of the synapses included in this study were strengthened or weakened when compared with baseline values during the performance of the selected behaviors across the successive training sessions. In this regard, it should be pointed out that it is usual in basic neuroscience studies to ascribe the acquisition and storage of different learning abilities to more-or less-specific brain structures. For example, and thanks to studies both in patients with different brain pathologies and of brain lesions carried out in experimental animals, it has been shown how different types of nonassociative and associative learning tasks activate different brain structures depending on the involved motor, cognitive, and executive functions. In this regard, as well as the hippocampus having been related to functions involving declarative memories, the prefrontal cortex has been preferentially associated with emotional and decision-making tasks, and the Broca area with language production (see Thiebaut de Schotten et al. 2015 for a review). Other brain structures have been more specifically related with procedural memory, a memory for perception and motor skills, such as the cerebellum (Lalonde and Strazielle 2003) , the neostriatum (Muslimovic et al. 2007 ), or certain parts of the basal ganglia (Foerde and Shohamy 2011) . Nevertheless, functions ascribed to particular brain sites based on pathological or experimental lesions have specific limitations. It should be kept in mind that brain functional states are composed by a complex system of interconnected synaptic networks working together in each precise moment of a learning situation or of a specific behavioral task.
Studies of instrumental conditioning in rats reported that learning-related activities could be controlled by 2 processes: goal-directed behaviors, supported primarily (and not exclusively) by the orbitofrontal cortex and the dorsomedial striatum (de Wit et al. 2009; Balleine and O'Doherty 2010) in which the outcome is highlighted by its incentive value (Balleine and Dickinson 1998) , and the habit system through the dorsolateral striatum (Yin and Knowlton 2006) which involves the association between stimulus and response, without any correlation with the outcome prompted by the response (Schwabe and Wolf 2013) . In relation with this, while selected structures and the corresponding synapses (mPFC-NAc, mPFC-BLA) seem to be modified by cognitive processes involved in the selection, timing, and execution of particular behaviors (Fuster 2000; Nácher et al. 2006; Shima et al. 2007; Alexander and Brown 2011; Jurado-Parras et al. 2012; Caro-Martín et al. 2015) or in different motivational and rewarding learning tasks (Sesack and Grace 2010; Fujisawa and Buzsáki 2011; Corbit et al. 2013) , other cortical structures and their corresponding synaptic contacts (intrinsic hippocampal circuit and its input and output synapses) will be more essential to code the spatial situation into the environment, sharing information through the network to conform an inner cognitive status that could tell about "what", "where", "when", and "how".
As reported here, a way to decode this information flow is by the activity-dependent changes in synaptic strength that take place during the performance of different behaviors related to a given learning task. For example, while the mPFCNAc synapse presented a significant increase in strength when compared with baseline values when pressing the lever at the moment of maximal increase of the learning curve (i.e., during learning), with no significant changes before or after learning ( Figs 7D and 8C) , the most noticeable changes in strength in the mPFC-REU synapse for exploring took place before and after learning, but not during the learning period ( Figs 7D and 8C) . Thus, the reported changes in synaptic efficacy should be ascribed to the different context and behavioral situations and not exclusively to the learning process. In this situation, some of the observed changes could not be ascribed to the encoding of the memory trace, but reflect transient changes that occur during the performance of different behaviors more or less related to the learning process. Finally, we still have an open question regarding when and where permanent (as opposed to transient) changes in synaptic strength to place in order to encode memory traces. To address this question, we should take into consideration many other brain circuits putatively involved in the acquisition of operant conditioning tasks and additional experimental tools.
In accordance with the present results, it seems that the prefrontal circuits are involved in the acquisition of an operant conditioning task by alert behaving rats, and that the precise activation or inhibition of the involved synapses is related not only to the corresponding learning curve, but also to the different behaviors carried out by the experimental animals during the learning process. In contrast, the hippocampal intrinsic circuit, including its main afferent synapses, is less involved in this process, apart from the performance of appetitive and consummatory behaviors during sessions with asymptotic learning values. The fast adaptability of changes in synaptic weights depending on the cues, contexts, and behavioral situations should be taken into account as an important functional property of working brains.
